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Lipid platformThere has been ample debate on whether cell membranes can present macroscopic lipid domains as
predicted by three-component phase diagrams obtained by ﬂuorescence microscopy. Several groups have
argued that membrane proteins and interactions with the cytoskeleton inhibit the formation of large
domains. In contrast, some polarizable cells do show large regions with qualitative differences in lipid
ﬂuidity. It is important to ask more precisely, based on the current phase diagrams, under what conditions
would large domains be expected to form in cells. In this work we study the thermotropic phase behavior of
the platelet plasma membrane by FTIR, and compare it to a POPC/Sphingomyelin/Cholesterol model
representing the outer leaﬂet composition. We ﬁnd that this model closely reﬂects the platelet phase
behavior. Previous work has shown that the platelet plasma membrane presents inhomogeneous distribution
of DiI18:0 at 24 °C, but not at 37 °C, which suggests the formation of macroscopic lipid domains at low
temperatures. We show by ﬂuorescence microscopy, and by comparison with published phase diagrams, that
the outer leaﬂet model system enters the macroscopic domain region only at the lower temperature. In
addition, the low cholesterol content in platelets (∼15 mol%), appears to be crucial for the formation of large
domains during cooling.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Ever since the ﬁrst images of macroscopic lipid domains in giant
unilamellar vesicles involving liquid-ordered/liquid-disordered phase
separation [1], there has been a great interest in detecting these large-
size lipid domains in vivo. However, this effort has not yielded many
clear examples in cell membranes, which has even led to doubts
regarding the possibility of domain formation in cells [2,3]. Through
spectroscopy techniques, however, lipid domains have been con-
ﬁrmed to be present in cells [4]. But, although macroscopic lipid
domains appear in the visible size range in artiﬁcial membranes [5–7],
in live cells, lipid domains normally range in the tens of nanometers,
and appear to be transient [8–10]. Several groups argue that the
formation of macroscopic lipid domains is hindered in live cellrsidad de los Andes, Carrera 1
712.
ll rights reserved.membranes by interactions with intermembrane proteins [11] and the
cytoskeleton [9]. When cytoskeleton-free giant plasma membrane
vesicles (GPMVs) are formed from cells, macroscopic domains appear
on the surface of the GPMVs, indicating that the cytoskeleton restricts
the growth of domains [12].
Macroscopic membrane regions with distinct physical properties
are not completely absent in cell systems. The membrane surface of
polarizable cells can present clearly deﬁned regions at a macroscopic
scale. For example, two-photon microscopy using 6-acyl-2-dimethy-
laminonaphthalene (laurdan) as a reporter probe has shown macro-
scopic regions with marked differences in membrane packing in
macrophages [13]. T-lymphocytes also require large regions of the
membrane to become differentiated during cell migration, and the
segregation of lipid phases appears to aid in this differentiation by
partitioning themembrane protein agents needed for chemotaxis into
the leading edge and the uropod of the cell [14]. T-cells also form large
specialized membrane regions during synaptic immune formation,
and this has also been shown to involve the formation of regions
enriched in cholesterol and sphingomyelin, which is indication of the
possible formation of a liquid-ordered phase [15,16]. However, it is not
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separation.
In a recent meeting focusing on lipid rafts [17], a consensus was
reached regarding the deﬁnition of cholesterol-enriched domains
(rafts) and the origin of these larger platforms. It was agreed that
“Membrane rafts are small (10–200 nm), heterogeneous, highly
dynamic, sterol- and sphingolipid-enriched domains that compart-
mentalize cellular processes. Small rafts can sometimes be stabilized to
form larger platforms through protein–protein and protein–lipid
interactions.” Therefore, for platform formation only protein–protein
and protein–lipid interactionswere considered as driving forces. There
was not enough evidence to consider lipid phase separation as a
driving force for macroscopic platform formation in cells in this
working deﬁnition. This was supported by the fact that, with a few
exceptions [13,18,19], large lipid domains have not been detected in
steady state cells. In addition, in the cases where platform formation is
observed this appears to be induced by stimulation, which is not lipid
driven. It is clear, for example, that in the immunological synapse, the
dynamic formation of large platforms appears to be protein mediated
[16,20].
The absence of evidence for lipid-induced platform formation in
cell membranes does not necessarily imply that large scale lipid phase
separation is always inhibited by membrane proteins. It is important
to consider that the temperature and composition conditions may not
be adequate for generating large scale lipid phase separation in cells.
We suggest that the underlying reason for the discrepancy between
the model studies and cell studies lies in the use of an inappropriate
model system for comparison. Early experiments used the DOPC/SM/
Cholesterol ternary mixture as a model to mimic the membrane outer
leaﬂet composition [1]. This mixture presented a conveniently large
compositional regime showing macroscopic domains in giant uni-
lamellar vesicles. The two unsaturated chains in DOPC ensure a
marked phase separation from SM and a strong steric hindrance in
the interaction with cholesterol, which generates a broad composi-
tional regime of liquid-ordered/liquid-disordered phase separation
[7,21]. However, in the plasma membrane of cells the prevalent low
melting temperature unsaturated lipid is POPC and not DOPC. POPC
has only one unsaturated chain, and for this reason, the POPC/SM/
Cholesterol phase diagram presents a much narrower region of
macroscopic phase separation, as evidenced from ﬂuorescence
microscopy on giant unilamellar vesicles [21]. Careful examination
of the POPC/SM/Cholesterol phase diagram indicates that only those
membranes that present low cholesterol contents (below 20 mol%)
will access the compositional region of macroscopic domains [21]. It is
therefore important to investigate, based on the POPC/SM/Choles-
terol phase diagram, what cell systems may present the appropriate
composition to provide a driving force for macroscopic lipid phase
separation.
In this context, the platelet plasma membrane presents an
interesting thermally sensitive system. Human platelets are very
susceptible to chilling, activating when the temperature falls below
20 °C [22,23]. This limitation represents a crucial issue in terms of
storage of platelets in blood banks. Platelets need to be stored above
20 °C to avoid activation, and therefore are prone to bacterial
contamination [24]. Recent work attempting to explain cold-induced
activation in platelets has shown that DiI-C18:0 becomes inhomo-
geneously distributed in the platelet plasma membrane below 24 °C
[25]. This uneven distribution of DiI-C18:0 suggests the generation
of macroscopic lipid phase separation during cooling. However,
above 24 °C, an even distribution of the dye is observed. This
reversibility suggests that domain formation is thermotropically
driven, since biochemical signaling would be expected to induce
non reversible aggregation. With regard to the composition of the
platelet plasma membrane, human platelets contain a low choles-
terol content around 15 mol% [26], which places them close to the
compositional regime of macroscopic domain formation reported forPOPC/SM/Cholesterol [21]. For this reason, the platelet presents an
interesting opportunity to compare with the model system phase
diagrams.
In order to generate an appropriate model system, we select a
POPC/SM/Cholesterol ternary mixture chosen to reﬂect the reported
composition of the platelet plasma membrane. We compare the
thermotropic phase behavior of the model system and the platelets by
FTIR. This is done by following the lipid CH2 stretch band by Fourier
transform infrared spectroscopy (FTIR). This band reports the level of
lipid chain order, and has been used extensively to measure solid-
ordered to liquid-disordered phase transitions (Tm) in model mem-
branes [27,28]. We then explore macroscopic domain formation in
giant unilamellar vesicles by ﬂuorescence microscopy in the model
system to determine the conditions where macroscopic domains are
expected.
Several POPC/SM/Cholesterol phase diagrams reporting regions
of liquid-ordered (lo)/liquid-disordered (ld)/solid-ordered (so)
phase coexistence have been published in recent years [21,29,30].
It appears that the reported regions of phase coexistence for this
particular system vary qualitatively depending on the technique
used to detect them. Broad regions of lo/ld phase coexistence are
reported when using spectroscopic techniques that detect nano-
scopic or mesoscopic domains [29,30]. Narrower regions of lo/ld
phase coexistence are reported when detecting larger domains
by ﬂuorescence microscopy [21]. It would be expected that macro-
scopic phase separation in platelets during cooling should reﬂect the
phase diagrams determined by ﬂuorescence microscopy, and there-
fore we choose to focus on the phase diagrams that detect
macroscopic domains in order to determine whether the platelet
plasma membrane could generate large phase separated regions.
2. Materials and methods
2.1. Reagents
1-Palmitoyl 2-oleoyl-phosphatidylcholine (POPC), deuterated 1-
palmitoyl 2-oleoyl-phosphatidylcholine (POPC-d31), porcine brain
sphingomyelin (BSM), and cholesterol were purchased from Avanti
Polar Lipids (Alabaster, AL) andwere usedwithout further puriﬁcation.
1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate
(DiIC18) was purchased from Molecular Probes (Invitrogen, Copenha-
gen, Denmark). Sphingomyelinase (SMase) from Bacillus cereus and
methyl-β-cyclodextrin (MβCD) were purchased from Sigma (Saint
Louis, MO).
2.2. Sample preparation
2.2.1. Platelet isolation
Platelets were obtained from the Sacramento Blood Center or from
human volunteers, with informed consent, according to institutional
protocols. Platelets were pelleted and washed three times (320 g for
14 min, 480 g for 22 min and 480 g for 15 min) in Buffer A (100 mM
NaCl, 10 mM KCl, 10 mM EGTA, 10 mM imidizole, pH 6.8) containing
10 mg/ml prostaglandin E [31].
2.2.2. Preparation of large unilamellar vesicles (LUVs)
Appropriate amounts of POPC and SMwere dissolved andmixed in
chloroform. The samples were then dried under nitrogen gas and
placed under vacuum overnight to remove the residual solvent. The
dry lipids were dispersed in Buffer A to a ﬁnal concentration of 50mM.
For SMase treated LUVs, 3 mM MgCl2 was added to the buffer before
LUV preparation. Aqueous multilamellar lipid dispersions were
prepared by heating the sample to 65 °C, followed by vortexing. This
procedure was repeated multiple times for a total of 20 min. Large
unilamellar vesicles were prepared by extruding the suspension 15
times through a hand-held Lipofast extruder (Avestin, Ottawa,
Fig. 1. (A) Thermotropic behavior of fresh platelets (x) as determined bymonitoring the
CH2 symmetric stretch by FTIR. After treatment with β-CD (▴) platelets present two
cooperative events at 15 °C and 37 °C indicated by the top arrows. The β-CD treated
platelets are then exposed to SMase (○), and the cooperative event at 37 °C shifts
towards higher temperature, as shown by the bottom arrow, indicating the formation of
ceramides. (B) For visual aid purposes, we plot the smoothed ﬁrst derivative of the
traces in (A) to show more clearly the cooperative event at 37 °C (dashed line) after
treatment with β-CD and its shift after treatment with SMase (solid line).
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(Poretics, Livermore, CA).
2.2.3. MβCD and SMase treatment
Washed platelets were concentrated to a ﬁnal concentration of
1×108 cells/ml. For cholesterol depletion, washed platelets were
incubated for 1 h at 37 °C and thenwere treated with MβCD (10 mM)
in Buffer A for 1 h at 37 °C. For SMase treatment 1 ml of MβCD treated
platelets or LUVs were incubated in Buffer A with 3 mM MgCl2 in the
presence of 5 U of SMase for 30 min or 1 h at 37 °C. No signiﬁcant
differences were observed when comparing the samples treated for
30 min and 1 h, indicating that the reaction had reached completion.
2.2.4. Giant unilamellar vesicle (GUV) preparation
GUVs were obtained by the electroformation method ﬁrst
described by Angelova et al. [32] on a home built Teﬂon chamber
using Pt electrodes to avoid oxidation. 3 μl of a 0.2 mg/ml lipid/
chloroform mixture labeled with 0.4 mol% 1,1′-Dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiIC18) was deposited on
each Pt electrode. The sample was then placed overnight under
vacuum to remove traces of the organic solvent. Sufﬁcient amounts of
200 mOsM sucrose solution (17.5 MΩ; Millipore, Billerica, MA) were
then added to the Pt electrodes to cover them completely, and a low
frequency AC ﬁeld was applied using a function generator (Vann
Draper Digimess Fg 100, Stenson, Derby, UK; sine function, freq. 10 Hz,
amplitude 2 V) for 1–2 h. The temperature used for GUV formation
was well above the ﬂuid/gel phase transition temperature (∼80 °C for
all samples). After vesicle formation, the AC ﬁeld was turned off and
the vesicles were transferred to an iso-osmolar glucose solution in a
special chamber (200 μl of glucose+50 μl of the GUVs in sucrose in
each of the eight wells of the plastic chamber used; LabTek, Naperville,
IL). This induces the GUVs to settle on the chamber bottom surface,
allowing more stable visualization.
2.3. FTIR of platelets and unilamellar vesicles
For the platelet FTIR measurements, treated and untreated
platelets were pelleted for 1 min at 1200 g and a 5-μl volume of the
pellet was placed between two FTIR CaF2 windows. For the LUV FTIR
measurements, a 5-μl volume of LUVs at the same concentration as
indicated in sample preparation was placed on the FTIR windows. IR
spectra were recorded on a Perkin-Elmer 2000 Fourier transform IR-
spectrometer (Perkin-Elmer, Norwalk, CT) equipped with a liquid-
nitrogen-cooled mercury/cadmium/telluride (MCT) detector inter-
faced to a computer with Spectrum 2000 software. Temperature was
controlled by a Peltier device and monitored by a thermocouple
placed on the FTIR window. Infrared spectra in the CH2 stretching
region from 3000 to 2800 cm−1, and CD2 stretching region from 2200
to 2000 cm−1 were monitored as a function of temperature. Eight
spectra were averaged at each temperature point. Spectra were
continuously acquired at a temperature increase rate of 3 °C/min.
Phase transitions were determined by plotting the band positions of
the CH2 symmetric and CD2 asymmetric stretch modes. The band
positions were determined by taking the inverted second derivative of
the original spectra and averaging the band intercepts at 80% intensity.
The symmetric CD2 stretch mode is less intense than the asymmetric
mode, and it appears as a poorly deﬁned shoulder for the lipid
concentrations studied. Therefore, to obtain a less noisy phase
transition measurement we followed the more intense asymmetric
CD2 stretching vibration for the deuterated species. Conversely, we
used the symmetric CH2 stretchmode tomonitor phase transitions for
nondeuterated species, because this mode is more widely used for
nondeuterated lipids. There appears to be no appreciable difference
between measurements of the phase transition using the symmetric
and asymmetric CH2 stretch modes. First derivatives of thermograms
were calculated by a 13 point Savitzky–Golay smoothing procedure ofthe raw data through Table Curve from Systat Software, Inc. (San Jose,
CA). First derivatives are only used as a visual aid to accent the
inﬂection points in the raw thermograms.
2.4. Fluorescence microscopy of giant unilamellar vesicles
An inverted confocal ﬂuorescence microscope (Zeiss model No.
LSM 510 META NLO; Carl Zeiss, Jena, Germany) was used to visualize
the giant vesicles. The excitation wavelength was 543 nm, and the
ﬂuorescence was collected using bandpass ﬁlter of 590/625 nm. The
objective used for the experiments were a 40× water immersion, NA
1.2, and a 20× air objective, NA 0.75. The GUVs ﬂuorescent images
were obtained at the polar region of the GUVs, i.e., the north or south
pole of the vesicle (the circumpolar region).
3. Results
3.1. Platelet thermotropic behavior as measured by FTIR
Fig. 1A shows the thermotropic phase behavior of human platelets
as measured by monitoring the CH2 symmetric stretch band by FTIR.
This vibration is sensitive to the level of gauche rotamers in the chains,
which is an indicator of the phase state of the membrane. A phase
transition from so to ld appears as a sharp upward shift in the
wavenumber. Fig. 1A shows that fresh platelets containing cholesterol
do not present clear cooperative events, which is explained by the
broadening of the so to ld phase transition by cholesterol [25,33,34].
This broadening results from the fact that, due to its rigid structure
and its close interactions with the chain groups, the presence of
cholesterol increases the chain order in the ld phase [33]. By removing
Table 1
Composition and lipid distribution of the platelet plasma membrane leads to a model tertiary mixture that mimics the outer leaﬂet.
Headgroups % Wt resting platelets
Tsvetkova et al. 1999
Inner leaﬂet/outer leaﬂet
distribution
3 Component models for the outer
leaﬂet assuming asymmetric
distribution (in wt ratio)
3 Component models for the outer
leaﬂet assuming asymmetric
distribution (in mol%)
Outer leaﬂet model assuming
symmetric distribution of SM
where PC accounts for all other
phospholipids (in mol%)
FFA 5.2±0.6 Not determined
PE 25.3±0.4 (+++) Inner leaﬂet
PS 6.4±0.4 (+++) Inner leaﬂet
PG – –
PI 5.8±0.3 (+++) Inner leaﬂet
PC 34.8±0.1 (+) Outer leaﬂet 55 55 70
SM 14.6±0.2 (+++) Outer leaﬂet 30 30 15
Cholesterol 7.5±0.6 Even 7.5 15 15
Two different models are considered assuming symmetric or asymmetric lipid distribution.
(FFA) free fatty acids, (PE) phosphatidylethalonamine, (PS) phosphatidyl serine, (PG) phosphatidylglycerol, (PI) phosphatidylinositol, (PC) phosphatidylcholine, (SM) sphingomyelin.
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apparent [25]. In this way, we can explore in more detail the
underlying thermotropic behavior of the platelet components in the
absence of the attenuating effect of cholesterol. After depletion of
cholesterol by β-CD (Fig. 1A, ▴), we ﬁnd two cooperative events at
15 °C (top left arrow) and 37 °C (top right arrow). Since SM is the only
major lipid component with a high phase transition temperature in
healthy eukariotic cells, it is likely that the cooperative event at 37 °C
involves an SM rich population. In order to conﬁrm the identity of the
37 °C melting event, we treat platelets with sphingomyelinase
(SMase). This treatment should result in the hydrolysis of sphingo-
myelin and the formation of ceramides [35], which are characterized
by having much higher melting temperatures [36]. Indeed, after
treatment with sphingomyelinase (SMase), a higher Tm event appears
near 47 °C while the 37 °C event disappears (Fig. 1A, ○). This shift in
the cooperative event is clearly observed when comparing the ﬁrst
derivatives of the thermotropic traces before and after SMase
treatment (Fig. 1B). These results, in general, corroborate that the
cooperative event at 37 °C is due to an SM rich population. The
position of the SM cooperative melting event in platelets, which
occurs at 37 °C, serves as a reference temperature that can be used to
compare with the POPC/SM/Cholesterol model presented in the next
section. The model should present a melting event involving the SM
rich population at a similar temperature compared to the SM event in
platelets. The 15 °C cooperative event that appears in the platelet
melting proﬁle must correspond to a lower melting temperature
population, which will be modeled by POPC.
3.2. Outer leaﬂet model of the platelet plasma membrane
In order to build a model that reﬂects as closely as possible the
platelet phase behavior, we consider its composition. Previous research
shows, as indicated in Table 1, that the platelet plasma membrane is
composed (by weight percent) of ∼35% PC (phosphatidylcholine),
∼25% PE (phosphatidylethanolamine), ∼15%SM (sphingomyelin) ∼12%
of PS and PI (phosphatidylserine and phosphatidylinositol) ∼7.5%
cholesterol, and ∼5.5% other [26]. As with other cell systems, this lipid
population is asymmetrically distributed among the two bilayer leaﬂets
within the platelet plasma membrane [35]. All the SM is found in the
outer leaﬂet while the inner leaﬂet contains PE, PS and PI. PCs are found
in both leaﬂets, but their distribution is skewed towards the outer
leaﬂet. Due to its fast transfer rate, cholesterol is expected to partition
equally in both leaﬂets [37]. This membrane asymmetry implies that
the outer leaﬂet will resemble a composition of approximately 55:30:15
(molar ratio) PC/SM/Cholesterol, which takes into account that
cholesterol, has approximately half the molecular weight of the other
two components (Table 1).
Inner leaﬂet lipids are expected to be mostly unsaturated, there-
fore presenting melting temperatures below 0 °C. In addition, studiesusing model systems that mimic the inner leaﬂet composition have
shown that these lipids do not drive lipid phase separation and
domain formation [38]. We therefore expect that the inner leaﬂet
lipids do not participate strongly in the thermal events occurring
above 0 °C, and that the outer leaﬂet composition presented in the
ﬁfth column in Table 1 will model the total thermotropic cooperative
events indicated by the arrows in Fig. 1. Additionally, Fig. 1A and B
show that after treatment of platelets with SMase the cooperative
event at 37 °C disappears completely. This indicates that the high Tm
melting event is an SM rich population located in the outer leaﬂet,
since no residual inner leaﬂet SM remains. An additional piece of
information that justiﬁes the assumption that macroscopic domain
formation observed in platelets should result from the thermotropic
phase behavior of the outer leaﬂet model is that the large domains
observed in platelets by Gousset et al. were visualized by incorporat-
ing DiI to the outer leaﬂet [25]. It could be argued that the inner and
outer leaﬂets are not completely uncoupled, but for a ﬁrst approxima-
tion we use a model based on the outer leaﬂet composition to
compare with the platelet thermotropic behavior.
3.3. Thermotropic behavior of the outer leaﬂet model as measured by
FTIR
Fig. 2A shows the thermotropic phase behavior of the 55:30 POPC/
SMmodel system in the presence and absence of 15 mol% cholesterol.
In the absence of cholesterol, we also observe two cooperative events.
These events appear at 10 and 27 °C, which is several degrees away
from the thermal events observed for platelets at 15 °C and 37 °C. This
discrepancy is not unexpected since we are not using the full
composition of the platelet outer leaﬂet. We believe that this shift
results from not taking into account higher melting PCs such as DPPC
and SOPC which also represent a signiﬁcant fraction of the PC
population in the outer leaﬂet. In order to identify independently the
thermal events related to the POPC population and the SM population,
we use deuterated POPC (Fig. 2B). The deuterated palmitoyl chain in
POPC-d31 presents a shift in its vibration frequency of approximately
800 cm−1, which allows us to distinguish the POPC melting event
from the SM melting event. The deuterated/undeuterated system
shows clearly that the event at 10 °C is related to a POPC rich
population, while the event at 27 °C is related to an SM rich
population. The use of deuterated lipids results in a downward shift
of a couple of degrees in the melting temperature that should be
considered when comparing the deuterated from the undeuterated
mixtures [27]. In POPC-d31 only the palmitoyl chain is deuterated,
which implies that a CH2 stretch signal should also originate from the
oleoyl chain in POPC. However, for this sample less than half of the
total CH2 vibrational groups correspond to the oleoyl vibrations. From
Fig. 2A it is evident that the oleoyl vibrations do not contribute
strongly to the CH2 signal since a POPC cooperative event is not
Fig. 3.Comparison between the thermotropic phase behavior of theplatelet systemand the
55:30 POPC/SM model system representing the outer leaﬂet composition of the platelet
plasmamembrane in the (A) absence (× represents theplatelets after treatmentwithβ-CD
and ● represents the 55:30 POPC/SM model system) and (B) presence of cholesterol
(▴ represents fresh platelets and ○ represents the 55:30:15 POPC/SM/Cholesterol model
system) as determined by monitoring the CH2 symmetric stretch by FTIR.
Fig. 2. Thermotropic phase behavior of a model membrane system representing the
outer leaﬂet composition of the platelet plasma membrane as determined by
monitoring the CH2 symmetric stretch by FTIR. (A) A 55:30:15 POPC/SM/Cholesterol
system (open circles) models the thermotropic phase behavior of the platelet plasma
membrane before treatment with β-CD. A 55:30 POPC/SM system (black crosses)
represents the thermotropic phase behavior of platelets after treatment with β-CD. The
55:30 POPC/SM system was treated with SMase (black circles), which after treatment
shows two cooperative events at 27 °C and 50 °C. Arrows point to the two cooperative
melting events before SMase treatment. (B) The cooperative phase behavior of the
55:30 POPC/SM system is studied inmore detail bymonitoring the CD2 stretch of POPC-
d31 and the CH2 stretch of SM, showing that a POPC rich population melts at 10 °C and
an SM rich population melts at 27 °C. (C) For visual aid purposes, we plot the smoothed
ﬁrst derivative of the traces in (A) for the 55:30:15 POPC/SM/Cholesterol system
(dotted line), 55:30 POPC/SM system (solid line), and 55:30 POPC/SM system treated
with SMase (dashed line).
1233R. Bali et al. / Biochimica et Biophysica Acta 1788 (2009) 1229–1237distinguishable at 10 °C in the CH2 stretch thermogram (Fig. 2B, closed
triangles) as expected based on the deuterated signal (Fig. 2B, open
circles).
Treatment with SMase of the 55:30 POPC/SM model system also
results in the appearance of a higher melting event beginning at 50 °C
(Fig. 2A). The emergence of a high melting temperature event is seen
when comparing the ﬁrst derivatives of the thermotropic traces before
and after treatment (Fig. 1C). It is important to note that there is a
residual melting event at 30 °C remaining after SMase treatment,
suggesting that not all sphingomyelin became hydrolyzed. Since the
methodology for preparing these large unilamellar vesicles does not
induce asymmetry we expect that SM will be equally distributed in
the inner and outer leaﬂets of the vesicles. This residual thermal eventat 30 °C would correspond to the SM in the inner leaﬂet of the vesicles
since the artiﬁcial vesicles are symmetric. This result also corroborates
that the SM in the platelet is asymmetrically distributed, and that the
37 °C cooperative event solely corresponds to the outer leaﬂet SM.
3.4. Comparison between the thermotropic phase behavior of the platelet
and the outer leaﬂet model
Fig. 3 shows a comparison between the model system and the
platelet plasma membrane phase behavior. It is clear from the
comparison that the cooperative event related to the sphingomye-
lin-rich population in the model matches well with what is observed
in platelets (Fig. 3A, and B). The main difference between the model
system and the platelets is that the total wavenumber shift between
the low temperature so phase and the high temperature ld phase is
wider in the model system. More speciﬁcally, the platelets show a
higher wavenumber in the so temperature range (around 0 °C)
compared to the model, indicating that the platelets present a higher
level of ﬂuidity at low temperatures. At high temperatures the
wavenumber for the platelets and the model match closely. This
discrepancy at low temperatures very likely results from the fact that
the inner leaﬂet components in the platelet plasmamembrane are still
in the ﬂuid phase. Therefore, the overall level of ﬂuidity in the platelet
plasma membrane is higher at low temperatures compared to the
model. At higher temperatures when all the components in the model
and the platelet have melted the level of ﬂuidity is the same for both
systems. In general, the thermotropic phase behavior of the platelet
and the model system are very similar, in particular with regard to the
position of the high temperature cooperative event related to the
sphingomyelin population.
When comparing the platelet thermotropic phase behavior and
the model system in the presence of cholesterol (Fig. 3B), with the
exception of the wavenumber divergence at low temperatures, there
is still a close similarity between the two systems. It is important to
notice that at high temperatures both platelets and the model system
present the same degree of reduction in the wavenumber due to the
Fig. 4. Thermotropic phase behavior of a model membrane system representing the
platelet plasma membrane composition that does not assume an asymmetric lipid
distribution as determined by monitoring the CH2 symmetric stretch by FTIR. (A) A
70:15 POPC/SM system before (closed circles, ●) and after (open circles,○) SMase
treatment. The solid line trace shows the smoothed ﬁrst derivative of the 70:15 POPC/
SM system before treatment with SMase, which is used as a visual aid to point out the
cooperative events. (B) The cooperative phase behavior of the 70:15 POPC/SM system is
studied in more detail bymonitoring the CD2 stretch of POPC d-31 (black circles,●) and
the CH2 stretch of SM (open circles, ○), showing that a POPC rich population melts at
2 °C and an SM rich population melts just below 20 °C.
Fig. 5. Giant unilamellar vesicles were grown from a 55:30 POPC/BSM stock containing
0, 15 and 30 mol% cholesterol and imaged at 24 °C (Upper Panel). All vesicles were
labeled with 0.5 mol% DiI-C18:0. The 15 mol% cholesterol sample, which represents the
composition of the outer leaﬂet of the platelet plasmamembrane, presents macroscopic
domain formation. The giant vesicle is compared with a recently published POPC/PSM/
Chol phase diagram [7] showing that at 15 mol% the sample enters the region for
macroscopic domains at 24 °C (closed circles in phase diagram). Lower Panel shows a
55:30 POPC/BSM sample containing 15 mol% cholesterol at 37 °C. No macroscopic
domains are observed at this temperature. Comparisonwith the POPC/PSM/Chol phase
diagram [7] shows that, for this composition and temperature, the system is located in a
one phase region (open circles in phase diagram).
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system, the wavenumber above the so/ld phase transition tempera-
ture decreases approximately linearly with cholesterol content [39].
Therefore, the wavenumber reduction is a good indicator of the
amount of cholesterol in the membrane. The similarity between the
platelets and the model in this regard indicates that the 15 mol%
cholesterol content in platelets reported in [26] is representative of
the platelet composition.
3.5. A model system assuming no lipid asymmetry does not reﬂect the
thermotropic lipid behavior in platelets
In order to show that the thermotropic behavior of the asymme-
trically distributed outer leaﬂet serves as a good representation of the
overall phase behavior of the platelet plasma membrane, we compare
the platelet behavior with a model that assumes no asymmetry (an
even distribution of lipids). That is, we analyze a mixture represented
by the overall PC/SM ratio (70:15) in the platelet plasma membrane
after depletion of cholesterol, instead of the PC/SM (55:30) asym-
metric ratio. Although column 2 in Table 1 shows that the PC/SM ratio
is closer to 35:15 (wt.% or mol% assuming equal molecular masses), in
order to represent the symmetric plasma membrane composition a
PC/SM ratio of 70:15 was used instead. The reason for this is that the
70:15 ratio accounts for the PE, PS and PI that would be present in the
outer leaﬂet due to loss of membrane asymmetry. Although PE, PS,
and PI present different physical properties than PC, these lipids
would also be considered to be in the liquid-disordered phase at room
temperature and in ﬁrst approximation they can be represented by the
PC fraction. The 70:15 ratio is the best approximation to the symmetric
composition while still maintaining the three-component model
system we are assessing. The symmetric model uses half of the
sphingomyelin content compared to the asymmetric system, since in
this symmetric model the total sphingomyelin is assumed to partitionevenly between the two leaﬂets. It is clear from Fig. 4A that the
cooperative events present in the symmetric model are considerably
shifted from the cooperative events in platelets. As shown in the
deuterated system (Fig. 4B) the sphingomyelin melting event appears
below 20 °C compared to 37 °C in platelets, and the POPC melting
event appears at 0 °C compared to 15 °C in platelets. These results
show that, as expected, asymmetry plays a crucial role in determining
the phase behavior of the platelet plasma membrane. The model that
assumes asymmetric distribution matches more closely with the
phase behavior of the platelet (Fig. 3).
3.6. Macroscopic domain formation in giant vesicles reﬂecting the outer
leaﬂet platelet plasma membrane composition
We investigated the formation of macroscopic domains in giant
unilamellar vesicles representative of the outer leaﬂet composition of
the platelet plasma membrane, exploring the conditions that result in
macroscopic domain formation as observed in platelets. In Fig. 5,
DiI18:0 labeled 55:30 POPC/brain sphingomyelin giant unilamellar
vesicles at different cholesterol levels (0, 15, and 30 mol% cholesterol)
are visualized by ﬂuorescence microscopy. At 24 °C the 0% cholesterol
sample shows macroscopic ld/so domain formation for this composi-
tion. Macroscopic domains are still observed at 15 mol% cholesterol,
which reﬂects the cholesterol content in platelets. The irregular shape
of the domains in the presence of 15 mol% cholesterol suggests that
the system is most likely in either the ld/so or lo/ld/so coexistence
region. No round domains, which are representative of lo/ld co-
existence, were observed as reported previously for this composition
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instead of palmitoyl sphingomyelin. Brain sphingomyelin presents a
complex mixture of sphingolipids, with some components having
longer saturated chains such as 20:0, 22:0, 24:0 (Technical Speciﬁca-
tions, Avanti Polar Lipids, Alabaster, AL). At 30mol% cholesterol, which
is double the platelet cholesterol content, no macroscopic phase
separation was observed. A recent study noted that the use of a high
level of light intensity during imaging induces lo/ld domain formation
formixtures of POPC/SM/Cholesterol giant vesicles using different SM
species [40]. This study is likely to lead to a revision of phase diagrams
determined through light microscopy such as the one shown in Fig. 5,
at least with regard to lo/ld phase coexistence. In our samples we did
not observe the gradual formation of lo/ld phase separation under our
illumination conditions, indicated by the appearance of round
domains. Instead, we only observed irregular domains that are stable
during visualization, which appears to indicate that light-induced
domain formation is not occurring for our imaging conditions and dye
concentrations. These investigators have not yet reported a phase
diagram for POPC/SM/Cholesterol composition showing the so/ld
coexistence regime [40]. Therefore, a direct comparison with their
results cannot be performed at this time.
In Fig. 5 we compare our observations on GUVs with a previously
reported phase diagram for this system. Our results correlatewell with
this phase diagram at 24 °C [21] where at 30 mol% cholesterol no
domains are observed (top arrow, open circles Fig. 5A). Only at 15mol%
cholesterol the GUVs enter a macroscopic domain region (middle
arrow, closed circles Fig. 5A) at this temperature. The authors indicate
that this is a region of lo/ld coexistence. Our results indicate that
macroscopic phase separation involves the so phase. These results
clearly state that only for low cholesterol content will there be
macroscopic domain formation at this temperature for this particular
outer leaﬂet composition. It is important to note that cooling
experiments with human erythrocytes that have been labeled with
DiI18:0 do not show macroscopic domain formation at lower
temperatures [41], which agrees with our results since the cholesterol
content in erythrocyte membranes is usually above 40 mol% [42]. This
would give an alternative explanation as to why many other cell
systems do not show macroscopic domains, which may not appear
because the cell systems are not in the appropriate compositional
regime. On the other hand, nanoscopic domains are regularly detected
in a variety of cells. In this regard, POPC/SM/Cholesterol phase
diagrams determined through spectroscopic techniques that detect
nanoscopic phase separation show much broader regions of lo/ld
coexistence, which could encompass the compositions of these cells
[29,30].Abroad surveyof outer leaﬂetplasmamembranecompositions
for avariety of cell systems is needed to corroborate these assumptions.
Our results with giant unilamellar vesicles also agree well with the
behavior in platelets at 37 °C. We observe that at this temperature the
15 mol% cholesterol sample enters a one phase region and the
macroscopic domains disappear (Fig. 5B). This is the same result as
observed by Gousset et al. with platelets before cooling and during
rewarming [25].
4. Discussion
Our results show that a POPC/SM/Cholesterol mixture reﬂecting
the outer leaﬂet composition of the platelet plasmamembranemimics
the lipid thermodynamic behavior of platelets as measured by FTIR. In
particular, the presence of a high temperature melting event in the
model, involving an SM enriched population, matches with an SM
enriched population identiﬁed by SMase treatment in platelets. A
signiﬁcant discrepancy between the model and the platelets occurs at
lower temperatures, where the CH2 stretch vibration in the platelet
sample presents a higher wavenumber than the outer leaﬂet model.
We explain this by the fact that the outer leaﬂet model does not take
into account the lower melting temperature species of the plateletinner leaﬂet. The inner leaﬂet lipids are expected to remain in the
liquid-disordered phase around 0 °C, therefore increasing the average
wavenumber in the platelet sample.
Giant vesicles with a composition reﬂecting the outer leaﬂet of the
platelet plasma membrane only present macroscopic segregation of
DiI18:0 into distinct regions as the temperature is lowered to 24 °C. No
macroscopic domains are observed in the model system at 37 °C. This
matches with observations done in platelets [25]. In addition, in the
presence of 30 mol% cholesterol no macroscopic domains are
observed at either temperature, reﬂecting what has been previously
observed in erythrocyte membranes [41]. We therefore ﬁnd that the
key factor that appears to lead to macroscopic domain formation in
platelets is a low cholesterol content, which permits the POPC/SM/
Cholesterol mixture to access a region of macrodomains as tempera-
ture is lowered. The fact that macroscopic domain formation in
platelets is reversible supports the notion that this event is not driven
through a biochemically induced aggregation of the cytoskeleton. It is
important to mention that a recent publication has shown that the
incorporation of ﬂuorescent probes into the membrane may extend
the immiscibility regime in a three-component system [43]. This
implies that macroscopic domain formation may be triggered in a
pure POPC/SM/Cholesterol system at a temperature a few degrees
lower than what is observed with the use of ﬂuorescent probe
labeling.
The macroscopic domains that appear during cooling in the giant
vesicle system are irregular in shape. This indicates that these
domains are unlikely to be formed by lo/ld phase coexistence. A
recent report sustains that lo/ld phase coexistence is not observed in
the POPC/SM/Cholesterol system, unless it is induced through light-
damage [40]. In that work, only macroscopic domains involving ld/so
phase coexistence are reported to form in the absence of light damage
in systems involving a high melting lipid in combination with POPC
and cholesterol. Our results agree with this previous report in that the
platelet plasma membrane composition appears to lend itself only to
the formation of ld/so macroscopic domains as the temperature is
lowered. The question is then whether the fact that these domains
may be formed by ld/so instead of ld/lo phase coexistence undermines
the physiological usefulness of these large segregated regions in
platelets. This is because the high rigidity and lack of lateral mobility
provided by the so phase has led to a reputation for being “not
physiologically useful”. However, it is clear that, at least for platelet
activation, the reorganization of the platelet plasmamembrane during
cooling leads to activation of the platelets [23,25,44]. Accessing the ld/
so phase coexistence during cooling will surely lead to a reorganiza-
tion of membrane proteins and a change in local membrane protein
concentrations which is likely to trigger activation. Therefore, even
though the so phase may not serve to partition dynamically
membrane proteins, its formation will deﬁnitely act as a trigger for
membrane reorganization. Membrane phase behavior has been
proposed previously as a physiological thermometer [45,46].
With regard to the recent working deﬁnition of rafts and the
formation of larger platforms [17], the current results point to the
possibility that larger platforms could be stabilized by lipid phase
behavior. However, if lipid phase separation is truly happening in cells,
it appears to require, at least in platelets, a low cholesterol content and
a reduction in temperature. Thesemay be grounds to exclude so phase
formation as an accessible mechanism for triggering the appearance
of platforms at physiological temperatures. However, the presence of
high melting temperature lipids, such as ceramides may trigger the
formation of so phase at physiological temperatures [36,47]. In
addition, the irregular shaped domains observed in the model does
not exclude the possible presence of lo phase, since these domains
could emerge from ld/lo/so coexistence. The formation of so phase
may assist in the aggregation of existing nanoscopic lo phase domains,
providing an alternative mechanism to protein induced platform
formation.
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generate GUVs from native erythrocyte membranes that maintain
membrane asymmetry, we do not include in this work similar
experiments with native platelet membranes. These experiments
cannot be done properly due to experimental limitations. In contrast
to erythrocytes, platelets are very sensitive to perturbations, and
will activate in contact with surfaces such as the electrodes used
during electroformation, and under any hydration stress induced
during electroformation. Platelet activation results in a loss in lipid
asymmetry. Therefore, it is very difﬁcult to guarantee that platelet
membrane asymmetry will be preserved during electroformation.
Any results obtained for giant vesicles of native platelet membranes
will be doubtful due to this technical limitation. The lack of a GUV
system from native platelet membranes for direct comparison
with the model system generates a gap in the argument of whether
the thermotropic phase behavior of the platelets observed by FTIR
does result in lipid induced macroscopic domain formation in
platelets. However, the similarity in the temperature at which
heterogeneous distribution of DiI emerges in platelets shown by
Gousset et al. [25] and at which macroscopic domains emerge in
our model supports the validity of our model system. The thermal
reversibility in the heterogeneity of DiI distribution in platelets
observed by Gousset et al. indicates that this process is not
mediated by biochemical signaling.
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